Identification of mungbean lines with tolerance or resistance to yellow mosaic in fields in India where different begomovirus species and different Bemisia tabaci cryptic species predominate by Nair, R M et al.
Identification of mungbean lines with tolerance or resistance
to yellowmosaic in fields in India where different begomovirus
species and different Bemisia tabaci cryptic species
predominate
R. M. Nair & M. Götz & S. Winter & R. R. Giri & V. N. Boddepalli & A. Sirari & T. S. Bains &
G. K. Taggar & H. K. Dikshit & M. Aski & M. Boopathi & D. Swain & A. Rathore &
V. Anil Kumar & E. C. Lii & L. Kenyon
Accepted: 16 February 2017
# The Author(s) 2017. This article is published with open access at Springerlink.com
Abstract Mungbean (Vigna radiata (L.) Wilczek) is an
important pulse crop in India. A major constraint for
improved productivity is the yield loss caused by
mungbean yellowmosaic disease (MYMD). This disease
is caused by several begomoviruses which are transmit-
ted by the whitefly Bemisia tabaci (Gennadius)
(Hemiptera: Aleyrodidae). The objective of this study
was to identify the predominant begomoviruses infecting
mungbean and the major cryptic species of B. tabaci
associated with this crop in India. The indigenous
B. tabaci cryptic species Asia II 1 was found dominant
in Northern India, whereas Asia II 8 was found
predominant in Southern India. Repeated samplings over
consecutive years indicate a stable situation with,
Mungbean yellow mosaic virus strains genetically most
similar to a strain from urdbean (MYMV-Urdbean)
predominant in North India, strains most similar to
MYMV-Vigna predominant in South India, and
Mungbean yellow mosaic India virus (MYMIV) strains
predominant in Eastern India. In field studies, mungbean
line NM 94 showed a high level of tolerance to the
disease in the Eastern state of Odisha where MYMIV
was predominant and in the Southern state of Andhra
Pradesh whereMYMV-Vigna was predominant, but only
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a moderate level of tolerance in the Southern state of
Tamil Nadu. However, in Northern parts of India where
there was high inoculum pressure of MYMV-Urdbean
during the Kharif season, NM 94 developed severe yel-
lowmosaic symptoms. The identification of high level of
tolerance in mungbean lines such as ML 1628 and of
resistance in black gram and rice bean provides hope for
tackling the disease through resistance breeding.
Keywords Vigna . Begomovirus .Bemisia tabaci .
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Introduction
Mungbean (Vigna radiata (L.) Wilczek) is the third most
important pulse crop in India after chickpea and pigeonpea,
accounting for 3.4 million ha or 15% of the total legume
area sown (Nair et al. 2012). One of the major constraints
for improved productivity of mungbean is the damage
caused by yellow mosaic disease which is caused by
different strains of at least two different species of the
genus Begomovirus: Mungbean yellow mosaic virus
(MYMV) and Mungbean yellow mosaic India virus
(MYMIV) (Tsai et al. 2013). Both are members of the
evolutionarily distinct subgroup of the bipartite
begomoviruses (genomes composed of circular single-
stranded DNA-A and DNA-B components of approx.
2.7 kb) known as ‘Legumoviruses’ (Ilyas et al. 2009).
Eight different bipartite begomovirus species are known
to cause yellow mosaic disease in more than 10 legume
species (Akram et al. 2015). Begomoviruses are transmit-
ted by the whitefly Bemisia tabaci (Gennadius)
(Hemiptera, Aleyrodidae) in a persistent circulative man-
ner (Markham et al. 1994). Based on mitochondrial cyto-
chrome c oxidase subunit I (mtCOI) partial sequences,
B. tabaci is a complex composed of at least 34 cryptic
species (Boykin and De Barro 2014), hereafter referred to
as species. Although these species are morphologically
indistinguishable, they show considerable variation in their
biological traits. For example, the invasive nature of the
Middle East-Asia Minor 1 (MEAM1) and Mediterranean
(MED) species has been associated with their greater
fecundity and relative polyphagy, and propensity for de-
veloping resistance to many of the insecticides used for
their control (Horowitz et al. 2007). An invasion of these
species often goes along with severe virus outbreaks (Pan
et al. 2012; Zhang et al. 2014; Guo et al. 2015; Ning et al.
2015) as both transmit begomoviruses very efficiently.
Therefore, a comprehensive knowledge on the identity
and distribution of B. tabaci species is an important pre-
requisite for development of efficient and sustainable pest
control measures to reduce begomovirus infection.
Themost sustainablemethod and the one to be adopted
with ease by the farmers to manage begomoviruses and
the yield losses caused in mungbean production is to
deploy cultivars exhibiting resistance or tolerance to the
viruses. Tolerance or resistance to a virus that was as-
sumed to beMYMVwas reported as conferred by a single
recessive gene (Singh and Patel 1977; Malik et al. 1988),
complementary recessive genes (Shukla and Pandya
1985; Alam et al. 2014), and a dominant gene and com-
plementary recessive genes (Sandhu et al. 1985). A RFLP
study also indicated a single recessive gene (reviewed by
Poehlman 1991). However, Dhole and Reddy (2012)
reported that two recessive genes are responsible for
MYMV resistance. Resistance to MYMV was identified
in V. radiata var. sublobata Roxb. Verde., a progenitor of
mungbean, and genes for resistance have been transferred
to commercial mungbean cultivars (Singh and Ahuja
1977). RAPD, SCAR and ISSR markers for MYMV
resistance have been reported, but not successfully used
in breeding, probably due to poor reproducibility and low
degree of linkage (Selvi et al. 2006; Somta et al. 2009;
Souframanien and Gopalakrishna 2006). Two resistance
markers for MYMIV were identified based on conserved
R-gene sequences, and successfully applied for germ-
plasm screening (Maiti et al. 2011). A field screening in
Pakistan identified three out of 146 recombinant in-bred
lines (RILs) developed in Thailand as tolerant since they
displayed milder disease symptoms despite high disease
pressure (Akhtar et al. 2009). Dhole and Reddy (2013)
developed a SCAR marker located near the MYMV
resistance gene. One reason for the difficulty in obtaining
durable resistance to begomoviruses – even after 40 years
of resistance breeding efforts in mungbean and the release
of resistant/tolerant lines – may be that most resistance
screening has been performed in the field, with little
account being taken of the different begomovirus
species/strains able to cause the disease. Thus, although
early screening and breedingwork in Indiamay have been
against a strain of MYMV, by the time of the variety
release, a new strain/species of begomoviruswith different
virulence (e.g. MYMIV) may have replaced the original
strains in some areas. Therefore, the present study was
undertaken to identify the predominant whitefly and
begomovirus species associated with mungbean in India,
and to evaluate mungbean lines for resistance in the field
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at different locations under natural MYMD infection
pressure.
Materials and methods
Analysis of Bemisia tabaci cryptic species
Whiteflies were collected mainly from legume crops
during surveys in mungbean growing regions of India
from 2012 to 2014. Whitefly specimen were preserved
in 95% ethanol and shipped to the DSMZ Plant Virus
Department (Braunschweig, Germany) for further anal-
yses. A summary of geographical locations, host plants
and dates of collection is provided in Table 1.
Total genomic DNA was extracted from individual
female whiteflies by homogenizing in 200 μl lysis buffer
(InviMag Plant DNA Mini Kit, Stratec Molecular
GmbH, Berlin, Germany) and 10 μl proteinase K
(10 mg ml−1). Further steps were performed following
the manufacturers´ instructions but using half of the
recommended volume of each solution. Part of the mito-
chondrial cytochrome oxidase I (mtCOI) gene was am-
plified by polymerase chain reaction (PCR) using the
universal primers C1-J-2195 and L2-N-3014 (Frohlich
et al. 1999) and 2 μl template DNA in 25 μl reaction
volume. PCR products were analyzed on agarose gels
and at least one PCR amplicon per sampling location was
sequenced (Sequiserve, Vaterstetten, Germany). Partial
mtCOI sequences were trimmed to 657 bp (Dinsdale
et al. 2010) and analyzed using the Global Bemisia
dataset release version 31 (De Barro and Boykin 2013;
Boykin and De Barro 2014) for species identification.
Sequences were aligned using ClustalW v1.8 (Thompson
et al. 1994). A phylogenetic tree was inferred using
MrBayes ver. 3.2; (Ronquist et al. 2012) following the
method described by Dinsdale et al. (2010). Sequences of
this study were assigned to species (Dinsdale et al. 2010)
and named according to Boykin and De Barro (2014)
with modifications. The format is: Species_Country
[In = India]_Year of sampling_Location_Host. A total
of 23 sequences were submitted to GenBank (Accession
numbers KR020523- KR020545).
Detection of begomoviruses
Leaf samples were collected from mungbean and
other legume plants and weeds showing virus-like
symptoms from mungbean growing regions in India
during 2012–2014. Analyses of the air-dried samples
were undertaken at the DSMZ Plant Virus Department.
DNA was extracted using the DNeasy Plant Mini Kit
(Qiagen GmbH, Hilden, Germany) following the man-
ufacturers´ instructions and amplified with specific and
universal primers as described by Naimuddin et al.
(2011) and Briddon et al. (2002). DNA of individual
female whiteflies was included in the analysis. If PCR
was negative with specific primers for MYMV and
MYMIV, universal primers for legumovirus DNA-A
(LegA-cpF1, LegA-cpR2, Dr. Ha Viet Cuong, pers.
communication) were used. PCR products were se-
quenced (Eurofins Genomics, Ebersberg, Germany).
Sequence analysis was done using NCBI/Blast and
alignments were performed with ClustalW (Thompson
et al. 1994). Full-length clones were prepared from
selected samples using abutting primers (Briddon et al.
1993), sequenced and analyzed as described before. A
summary of geographical locations, host plants and
dates of collection is provided in Table 2.
Screening of mungbean lines (Vigna radiata)
for resistance or tolerance to yellow mosaic in the field
In 2012, 50 mungbean lines (Table 3) were screened
against yellow mosaic disease at three sites; Tirunelveli
(Tamil Nadu), Punjab Agricultural University (PAU)
Ludhiana (Punjab) and Indian Agricultural Research
Institute (IARI), Pusa (New Delhi). In Tamil Nadu the
sowing was in March, while in Punjab and New Delhi
sowings were during July (Kharif season). The trials were
set out in a randomized block design with three replicates.
Each line was sown in a single row 4 m long with
spacings of 40 and 10 cm between rows and plants
respectively. KPS 2 was planted as a susceptible control
in every third row. Yellowmosaic disease symptoms were
assessed macroscopically after 55 days of sowing. All
plants in a row were scored (Table 4) using the rating
scale of 1 (no symptoms) to 6 (very severe symptoms).
Average seed yield per plant was recorded after harvest for
each line at the Tirunelveli site. During 2013 spring season
(March sown crop) the trial was repeated at PAU,
Ludhiana, Punjab.
In the 2013 Kharif season (July planting), 40
mungbean lines, one black gram (Vigna mungo) and
one rice bean (Vigna umbellata) were screened (Table 5)
at Punjab Agricultural University (PAU) Ludhiana
(Punjab) and at the Indian Agricultural Research
Institute (IARI), Pusa (New Delhi) in an alpha lattice
Eur J Plant Pathol
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Table 3 Evaluation of 50 mungbean lines for yellow mosaic response in three locations in India during 2012
ID No (for biplot analysis). Line Tirunelveli Ludhiana New Delhi
Mean severity
score (1–6)
Seed yield
[g]/plant
Mean severity
score (1–6)
Mean severity
score (1–6)
1 BARIMung4 2.2 0.7 5.8 5.7
2 Basanti 2.2 1.2 5.2 5.3
3 CN 9–5 4.1 0.9 6.0 6.0
37 CO (G9)-7 2.8 0.1 5.3 5.0
35 CO. 5 3.8 0.6 5.3 5.3
36 CO. 6 2.9 1.4 4.3 5.3
4 Harsha 3.5 0.6 5.6 6.0
43 IPM 02–14 2.7 1.4 3.8 2.7
47 IPM 02–17 3.0 0.6 4.4 3.7
48 IPM 02–19 2.5 1.9 5.9 2.7
42 IPM 02–3 2.6 0.9 4.6 4.0
46 IPM 205–7 2.3 2.8 3.0 2.7
45 IPM 409–4 2.9 2.7 6.0 4.7
50 IPM 9901–10 2.8 1.6 5.5 5.3
49 IPM 9901–6 3.0 0.5 5.2 3.3
41 IPM 99–125 2.1 2.5 2.7 4.7
5 KPS-1 2.7 0.9 5.0 4.7
6 KPS-2 4.9 0.1 6.0 6.0
26 ML 1299 2.6 1.3 1.7 3.3
27 ML 1628 3.4 1.8 1.0 2.0
28 ML 1666 2.9 0.8 3.9 2.0
7 ML 613 4.1 0.5 5.8 6.0
25 ML 818 2.0 1.8 2.4 4.7
8 NM 92 2.4 1.2 5.5 3.3
30 NM 94 2.7 1.2 4.7 4.3
29 PAU 911 2.2 0.3 3.2 2.7
44 PDM 139 3.9 2.4 3.6 3.0
34 SML 1018 2.7 1.6 4.7 5.0
38 SML 1074 3.9 0.5 5.8 4.7
31 SML 823 3.3 0.8 5.5 4.3
32 SML 832 3.6 0.9 4.9 3.3
33 SML 843 3.2 0.3 5.7 5.0
39 VBN(G9)-2 3.0 0.7 5.1 5.3
40 VBN(G9)-3 2.8 1.6 5.8 5.0
9 VC3890 A 4.7 0.6 5.5 5.3
10 VC3960 88 4.0 0.7 5.3 2.7
13 VC6153 3-20P 3.0 1.2 6.0 5.0
11 VC6153 B-20 2.9 0.6 5.6 3.3
12 VC6153 B-20P 3.1 1.1 5.7 4.7
14 VC6173 A 3.5 1.5 6.1 5.7
16 VC6173 B-10 2.9 1.9 4.4 4.0
17 VC6173 B-13P 2.7 2.2 4.7 5.7
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design of (seven blocks × six entries) in three replicates.
RMG 353 and KPS 2 were planted as susceptible con-
trols in every third row in Ludhiana and New Delhi
respectively.
In 2014, 40mungbean lines (Table 6) were screened at
Orissa University of Agriculture and Technology
(OUAT) campus, Bhubneshwar, Odisha. A row column
design with three replications was followed. The trial was
sown in April. Each line was sown in a single row 4 m
long with spacing of 40 and 10 cm between rows and
plants respectively. KPS 2 was planted as a susceptible
control in every third row. Symptoms were assessed after
55 days of sowing as described before. A screening trial
was sown in a farmer’s field in Srikakulam, Eastern
Andhra Pradesh in December 2014 (Table 6). A row-
column design with three replications was followed.
Each line was sown in a single row of 2 m length with
a spacing of 60 and 15 cm between rows and plants
respectively. Assessment of disease symptoms was done
using the 1–6 rating scale described above.
Data analysis of field experiments
For yellow mosaic response and seed yield per plant,
year wise (2012 and 2013) combined analysis of vari-
ance across the sites were performed to test the signifi-
cance of site (S), line (L) and site X line (SL) using SAS
MIXED procedure (SAS V9.3). Individual site residual
variances were modelled into combined analysis and
least square means were estimated for main and inter-
action effects. All score data were subjected to square
root transformation for normalising the data. A site
regression model (SREG, commonly known as GGE
Biplot) was used to visualize SL pattern to understand
interrelationships among various test sites and line eval-
uation (Yan and Tinker 2006).
Table 3 (continued)
ID No (for biplot analysis). Line Tirunelveli Ludhiana New Delhi
Mean severity
score (1–6)
Seed yield
[g]/plant
Mean severity
score (1–6)
Mean severity
score (1–6)
15 VC6173 B-6 2.7 0.5 5.6 4.3
18 VC6368 46–40-1 2.5 0.8 4.6 4.0
19 VC6368 46–40-4 2.3 2.0 4.5 3.0
21 VC6369 53–97 2.1 1.8 5.4 4.7
22 VC6370 30–65 2.5 0.6 5.7 3.3
20 VC6370 A 4.9 0.1 5.0 6.0
23 VC6372 45–8-1 2.0 1.1 4.2 4.0
24 VC6379 B-21 2.6 1.8 5.4 4.3
LSD 1.81 1.94 1.44 2.2
Tirunelveli: Response, SEM = 0.6; Seed Yield, SEM = 0.5
Ludhiana: Response, SEM = 0.5;
New Delhi: Response, SEM = 0.8
Table 4 Phenotyping severity scale for yellow mosaic reaction
Score Description Inferred Reaction type
1 No visible symptoms on the leaves Resistant
2 Small yellow spots/chlorosis with restricted spread covering up to 5% of the leaf area Tolerant
3 Yellow mottling covering 5.1 to 15% of the leaf area Moderately tolerant
4 Yellow mottling and discoloration of 15.1 to 30% of the leaf area Moderately susceptible
5 Pronounced yellow mottling and discoloration of the leaves
(covering 30.1 to 75% of the area) and pods, reduction in leaf size and stunting of plants
Susceptible
6 Severe yellow discoloration covering more than 75%of the foliage,
stunting of the plants and reduction in pod size
Highly susceptible
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Table 5 Response of 40
mungbean lines, one black
gram and one rice bean line to
yellow mosaic in two locations
in India during 2013
MYMV: Ludhiana: SEM = 0.3
and New Delhi: SEM = 0.2
Seed yield/plant: Ludhiana:
SEM = 0.4 and New Delhi:
SEM = 0.2
m - Not recorded
Line Ludhiana New Delhi
Mean severity
score (1–6)
Seed yield
[g] /plant
Mean severity
score (1–6)
Seed yield
[g] /plant
IPM 02–14 2.0 5.7 4.0 3.4
IPM 205–7 2.0 5.3 5.0 1.7
IPM 02–17 2.0 5.3 3.0 2.9
IPM 99–125 5.0 4.3 4.0 3.7
IPM 02–3 4.0 6.0 4.0 2.0
KPS-1 4.0 4.0 4.6 3.1
KPS-2 6.0 0.0 6.0 0.1
ML 818 3.0 5.0 4.3 1.8
ML 1299 2.0 6.6 4.0 1.3
ML 1628 2.0 5.3 3.1 2.9
ML 1666 3.0 4.7 5.3 1.5
NM 92 4.7 2.7 5.0 2.3
NM 94 4.0 3.1 4.4 1.9
PAU 911 3.0 3.3 4.0 2.2
PDM 139 2.0 3.3 4.1 1.8
PDM 54 3.3 4.6 4.0 3.7
PUSA 9072 5.0 2.9 4.0 2.6
TV01493A-G 6.0 0.0 4.0 0.0
TV03717 B G 5.7 0.0 6.0 0.4
TV03719 A G 2.7 2.0 5.9 0.0
TV03980 A G 3.3 4.2 5.0 2.2
VC3960 88 3.7 4.3 4.0 3.3
VC6153 B-20P 4.0 4.0 4.0 2.0
VC6173 B-10 3.3 5.0 5.0 2.0
VC6368 46–40-1 4.6 3.4 5.0 0.7
VC6368 46–40-4 3.7 4.4 4.0 4.1
VC6369 53–97 3.3 3.3 3.3 4.3
VC6372 45–8-1 3.0 4.7 4.3 2.9
VC6465 8–5-2 5.4 0.0 6.0 0.4
VC6469 12–3-4A 6.0 0.0 5.3 0.0
VC6486 10–51 5.7 0.0 6.0 0.0
VC6489 9–1 6.0 0.0 6.0 0.1
VC6492 59A 6.0 0.0 6.0 0.0
VC6153 B-20 3.6 4.3 4.0 3.3
VC6493 44–1 5.7 0.0 6.0 0.0
VC6506 127 5.0 0.0 6.0 0.4
VC6510 151–1 4.0 3.7 5.0 2.1
VC6512 6A 6.0 0.0 6.0 0.1
VO1352 B G 6.0 0.0 6.0 0.0
VO6381 A G 5.3 2.3 5.0 0.4
Mash1–1 (V. mungo) 2.0 12.0 3.3 1.6
RBL-6 (V. umbellata) 1.3 m 6.0 0.0
LSD 0.69 1.07 0.48 0.68
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The site regression model was:
Y ij: ¼ μþ β j þ ∑
K
k¼1
λkδikβjk þ εij:
Where Yij. is the mean yellow mosaic response score
of ith line in jth site, μ is the overall mean, δi is the line
effect, βj is the site effect, λk is the singular value for
IPCA axis k: δik is the line eigenvector value for IPCA
axis n, βjk is the site eigenvector value for IPCA axis k
and εij. is the residual error assumed to be normally and
independently distributed (0, σ2/r), σ2 is the pooled
error variance and r is the number of replicates. In the
SREG model, the main effects of lines (L) plus the SL
are absorbed into the multiplicative component.
TheGGE biplot graphically represents L and SL effect
present in the multi-site trial data using sites centred data.
GGE biplots were used for 1) genotype evaluation, (sta-
ble line(s) across all sites, specific adaptable lines for
target sites), and 2) site evaluation, (explains discrimina-
tive power among lines in target sites).
Results
Identification of Bemisia tabaci species
B. tabaci samples were collected from 12 locations
mainly in the North and South of India. Sequence analysis
of the mtCOI PCR products from 23 individual females
(females were used because of their greater DNA content)
revealed the presence of three indigenous B. tabaci spe-
cies: Asia II 1 in the North, East and sporadically in the
South, Asia II 8 predominantly in the South, and Asia1 at
only two locations in the South (Table 1). The finding of
B. tabaci Asia II 1 in the North in 2012, 2013 and 2014
and B. tabaci Asia II 8 in the South in 2012 and 2014
indicates a stable situation. The invasive speciesMEAM1
and MED were not detected in this study.
Table 6 Evaluation of reaction of mungbean lines against yellow
mosaic in Odisha and Andhra Pradesh, India during 2014
Line Odisha Andhra pradesh
Mean severity
score (1–6)
Mean severity
score (1–6)
Harsha NA 4.4
IPM 02–14 1.0 2.1
PDM 139 1.1 2.7
IPM 205–7 1.7 2.2
IPM 02–17 1.7 2.3
IPM 99–125 2.0 2.5
IPM 02–3 1.1 2.7
KPS-1 2.3 1.9
KPS-2 4.7 4.9
ML 818 2.4 2.3
ML 1299 1.3 2.3
ML 1628 1.4 2.1
ML 1666 1.4 2.5
NM 92 1.9 1.9
NM 94 1.0 2.2
PAU 911 1.0 2.2
PDM 54 2.9 2.6
PUSA 9072 1.6 3.3
TV01493A-G 4.4 5.6
TV03717B-G 1.0 1.5
TV03719A-G 2.0 2.5
TV03980A-G 1.0 1.8
VO1352B-G 4.9 5.5
VO4718 NA 4.0
VO6381A-G 2.3 5.3
VC3890 A NA 3.1
VC6153 B-20P 1.1 2.1
VC6465 8–5-2 4.7 4.2
VC6469 12–3-4A 4.7 5.4
VC6486 10–51 5.0 4.2
VC6489 9–1 5.7 5.5
VC6492 59A 3.7 5.7
VC3960 88 1.0 1.7
VC6153 B-20 2.7 2.6
VC6493 44–1 5.3 4.5
VC6506 127 4.7 3.0
VC6510 151–1 3.7 4.1
VC6512 6A 5.0 4.5
VC6173 B-10 1.3 1.2
VC6368 46–40-1 1.3 1.9
VC6368 46–40-4 1.6 2.0
VC6369 53–97 2.3 2.3
VC6372 45–8-1 1.6 2.9
Mash 1–1 (V. mungo) NA 1.0
Table 6 (continued)
Line Odisha Andhra pradesh
Mean severity
score (1–6)
Mean severity
score (1–6)
RBL-6 (V. umbellata) NA 1.1
LSD 1.64 0.94
Odisha: SEM = 0.6; Andhra Pradesh: SEM = 0.3; NA-not
sown in trial
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Detection of begomoviruses
Symptomatic leaf samples were collected from 27 loca-
tions mainly from V. radiata and V. mungo in India
2012–2014 (Table 2).
With exceptions MYMV and MYMIV strains were
detected in symptomatic mungbean and urdbean leaves
from all locations (Table 2). In the Northern Indian
states of Punjab and Delhi MYMV-Urdbean (e.g.
In-II-P-12-10 DNA-A has 99.5% identity to
JQ398669; In-II-P-12-15 DNA-B has 99.5% identity
to JQ398670) was found to be dominant in three con-
secutive years while in Jharkhand state (Eastern India)
MYMIV was found showing the highest similarity to a
MYMIV-Bengal isolate (eg. IN-P-13-45 DNA-A has
98.3% identity to HF922628; DNA-B not detected). In
the Southern Indian states of Tamil Nadu, Karnataka
and Telengana MYMV-Vigna (In-P-12-2 DNA-A has
99.7% identity to AJ132575; In-P-12-2 DNA-B has
97.9% identity to AJ439059) was found. Beta-
satellites were not detected associated with MYMV or
MYMIV in this study. The range of symptom severities
observed in susceptible lines at each collection site
indicated that symptom severity was related to time of
infection rather than to differences in strain or species of
yellow mosaic virus present.
Other begomoviruses were detected in leaf samples
from some weeds displaying virus-like symptoms:
Vernonia yellow vein virus (In-P-12-10 DNA-A has
98.9% identity to AM182232) in a garden land weed
and Jatropha leaf yellow mosaic Katarniaghat virus
(In-P-12-9 DNA-A has 94.7% identity to JN135236;
probably a strain of Jatropha yellow mosaic India
virus) in Acalypha indica in the South. In Cassia leaves
from the East (Jharkhand) French bean leaf curl virus
and an associated beta satellite were detected showing
greatest similarity to FbLCV-Kanpur isolate and
beta satellite found in Phaseolus vulgaris in the North
(In-II-P-14-20 DNA-A has 95.6% identity to
JQ866297; In-II-P-14-20 DNA-β has 94.1% identity
to JQ866298; Naimuddin et al. 2013).
Screening mungbean lines (Vigna radiata) for reaction
to yellow mosaic in the field
During the spring 2012 season crop at Ludhiana there
was no incidence of yellow mosaic and hence no data
were recorded. In the other 2012 trials, mean yellow
mosaic severity scores ranged from 2.0 to 4.9 at
Tirunelveli, from 1.0 to 6.0 at Ludhiana and from 2.0 to
6.0 at New Delhi (Table 3.). Average seed yield at
Tirunelveli ranged from 0.1 to 2.8 g per plant, and seed
yield was not recorded from the Ludhiana andNewDelhi
trials. In the Tirunelveli trial, lines VC6372 (45–8-1) and
ML 818 were the most promising, with mean severity
score of 2 (Table 3). ML 818 also recorded reasonable
seed yield of 1.8 g/plant. The correlation between yellow
mosaic score severity and seed yield was highly signifi-
cant and negative (−0.42**; P < 0.001) at the Tirunelveli
site. In Ludhiana, ML 1628 and ML 1299 were the only
lines that recorded yellow mosaic severity mean score of
<2 among all the mungbean lines screened. In New
Delhi, ML 1628 and ML 1666 recorded yellow mosaic
severity mean score of 2 (Table 3). The pooled analysis of
variance indicated significant line and site x line interac-
tion for yellow mosaic response during 2012 (Table 7).
In the 2013 Ludhiana trial, several lines (IPM 02–14,
IPM 205–7, IPM 02–17, ML 1299, ML 1628, , PDM
139, black gram line (Mash1–1) and the rice bean line
(RBL-6)) displayed mean yellow mosaic severity scores
of 2 or less (Table 5). The highest mean seed yield was
recorded for the black gram line, Mash1–1 (12 g/plant).
Among the mungbean lines significantly higher seed
Table 7 Pooled analysis of variance for fixed effects of the trials in
Tirunelveli, Ludhiana and New Delhi for yellow mosaic response
during 2012
Effect Num DF Den DF F Value Pr > F
Site 2 7.78 69.13 <.0001
Replication (Site) 6 6.68 2.38 0.1455
Line 49 2.20 4.71 <.0001
Site x Line 98 201 1.88 <.0001
Coefficient of Variance =24.69; Num DF Numerator degrees of
Freedom, Den DF Denominator (error) degree of Freedom
Table 8 Pooled analysis of variance for fixed effects of the trials in
Ludhiana and New Delhi for yellow mosaic response during 2013
Effect Num DF Den DF F Value Pr > F
Site 1 24.4 210.15 <.0001
Replicattion (Site) 4 18.4 0.41 0.7967
Line 41 136 53.25 <.0001
Site x Line 41 136 16.72 <.0001
Coefficient of Variance =8.10; Num DF Numerator degrees of
Freedom, Den DF Denominator (error) degree of Freedom
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yields were recorded from IPM 02–14, IPM 205–7, IPM
02–17,ML 1299 andML 1628 (Table 5). The correlation
between the yellow mosaic severity score and seed yield
at the site was significant and negative (−0.82**;
P < 0.001). In New Delhi in 2013, VC6369 (53–97),
ML 1628, IPM 02–17 and the black gram line, Mash1–1
recorded the lowest yellowmosaic severity scores among
all the lines, though the symptom severity scores were
still moderate at between 3 and 3.3. Among these lines
presentingmoderate symptom severities, the highest seed
yield was recorded for VC6369 53–97 (4.3 g/plant),
followed by ML 1628 and IPM 02–17 (Table 5). The
correlation between the yellow mosaic severity score and
seed yield at New Delhi was significant and negative
(−0.78**; P < 0.001). The pooled analysis of variance
for the trials in Ludhiana and New Delhi in 2013
(Table 8) indicated significant site, line and site x line
interaction for yellow mosaic response. The pooled anal-
ysis of variance on seed production in 2013 (Table 9) also
indicated significant site, line and site x line interaction.
In the Odisha trial in 2014, more than half of the lines
tested (25/40) developed only mild to very mild (≤ 2.6)
yellow mosaic symptoms. Similarly, in the Andhra
Pradesh trial in 2014, 19 out of 45 lines presented mild
to very mild symptoms (≤ 2.3). The popular mungbean
lines NM 92 and NM 94 were included among the lines
presenting the mildest symptoms at both these sites
(Table 6) Seed yield per plant was not collected from
either trial in 2014. Significant line and line x site
interaction effects were obtained in the pooled analysis
of variance of the Odisha and Andhra Pradesh trials
(Table 10).
When GGE Biplot analysis was applied to the 2012
trial data, the first two principal components PC1 and
PC2 explained 86.17% of variation (65.80% and 20.37%
respectively) for the yellowmosaic ratings (Fig. 1). Lines
PAU 911 (ID No. 29), PDM 139 (ID No. 44) and IPM
205–7 (ID No. 46) were the most stable across the three
sites. Lines ML 1299 (ID No. 26) and ML 1628 (ID No.
27) are specific adaptable lines for Ludhiana, while
VC6368(46–40-4) (ID No. 19), ML 1666 (ID No. 28)
and IPM 02–14 (ID No. 43) are some of the specifically
adaptable lines for New Delhi. Lines CN 9–5 (ID No. 3),
KPS-2 ((ID No. 6) and VC6173A (ID No. 14) recorded
high mean scores across the three sites (universally sus-
ceptible). From the biplot site (S) evaluation, the New
Delhi and Ludhiana sites were the highly discriminative
sites, which explained more variation in the lines and
these two vectors formed an acute angle (<90o), and line
ranks were very similar at both the sites. Tirunelveli had
the shortest vector (was less discriminative) and ex-
plained little of the variation among lines.
Table 9 Pooled analysis of variance for fixed effects of the trials
in Ludhiana and New Delhi for seed yield/plant during 2013
Effect Num DF Den DF F Value Pr > F
Site 1 26.8 383.95 <.0001
Replication (Site) 4 16.9 2.41 0.0897
Line 41 123 68.17 <.0001
Site x Line 40 122 21.97 <.0001
Coefficient of Variance =31.78; Num DF Numerator degrees of
Freedom, Den DF Denominator (error) degree of Freedom
Table 10 Pooled analysis of variance for fixed effects of the trials
in Odisha and Andhra Pradesh for yellow mosaic response during
2014–15
Effect Num DF Den DF F Value Pr > F
Site 1 8.28 8.15 0.0206
Replication (Site) 4 8.24 1.55 0.2736
Line 39 115 16.76 <.0001
Site x Line 39 115 1.87 0.0057
Coefficient of Variance =24.95; Num DF Numerator degrees of
Freedom, Den DF Denominator (error) degree of Freedom
Fig. 1 Disease severity score GGE Biplot during 2012 (LDH-
Ludhiana, NDL- New Delhi and TNL – Tirunelveli)
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Discussion
Yellow mosaic disease remains a major constraint to
mungbean production in most of India, and developing
mungbean varieties with resistance or tolerance to the
causal virus(es) is a challenge. Although there have been
several reports on the incidence of mungbean yellow
mosaic from different parts of India, there have been no
comprehensive studies looking at the virus species iden-
tity and diversity in relation to the B. tabaci species
identity and abundance, and the host plant resistance.
An efficient and sustainable management of
mungbean yellow mosaic disease includes the control of
the virus vector. AsB. tabaci species differ significantly in
their sensitivity to insecticides with the invasive species
MEAM1 and MED having a high propensity for devel-
oping resistance against many pesticides (Horowitz et al.
2007; Horowitz and Ishaaya 2014), a comprehensive
knowledge of whitefly species abundance is essential for
a rational use of insecticides to avoid ineffective protec-
tion measures that burden farmer’s health and
environment. In recent more extensive investigations of
B. tabaci species distribution in India Ellango et al. (2015)
and Prasanna et al. (2015) found the indigenous Asia II 1
genotype in high abundance confirming the finding of
Asia II 1 in three consecutive years in the North in this
study. In another study, Asia1 was found to be predomi-
nant in the North of India, butin the South a higher
diversity of B. tabaci species was found (Chowda-
Reddy et al. 2012; Ellango et al. 2015), whereas in this
study Asia II 8 was predominant in the south. A first
report of B. tabaci MEAM1 in India was from Banks
et al. (2001) who collected this invasive species from
infected tomato in the Kolar district. Further reports of
MEAM1 were primarily from the same region (Rekha
et al. 2005; Shankarappa et al. 2007; Ellango et al. 2015)
with one find inDabhoi in theWest (Chowda-Reddy et al.
2012). In all cases MEAM1 were collected from tomato
plants suggesting this species may have a preference for
solanaceous hosts compared to legumes, thoughMEAM1
usually is reported to have a very broad host range. Host
preference of different whitefly species and a better per-
formance depending on the host were described earlier
(Lisha et al. 2003; Xu et al. 2011; Ahmed et al. 2013;
Ahmed et al. 2014). MEAM1was not found in this study,
and nor in the study by Prasanna et al. (2015). In both
studies the focus was on whiteflies collected from legume
hosts. Therefore, there might have been a bias to the
indigenous B. tabaci species. However, as no MEAM1
was found in both recent studies and Ellango et al. (2015)
found it only in a very restricted region the rapid invasion
of MEAM1 in south India suggested by Rekha et al.
(2005) appears not to have occurred. To date there is no
report of the invasive MED in India.
Over the three consecutive years of this study, only
yellow mosaic strains most similar to MYMV-Urdbean
were detected in V. radiata, V. mungo and G. max in the
North of India, whereas Bag et al. (2014) had previously
detected bothMYMVandMYMIVat the NewDelhi site.
Similarly, only strains most similar to MYMV-Vigna
were detected in V. radiata and V. mungo in Southern
India, and this is as was reported for Vamban (Tamil
Nadu) previously (Karthikeyan et al. 2004). Also,
MYMIV strains were commonly detected in the East of
India as previously reported by Malathi and John (2008).
Although these findings may suggest a coincidence of B.
tabaci Asia II 1 and MYMV-urdbean in the north of India
and Asia II 8 or Asia 1 and MYMV-Vigna or MYMIV in
the south and East of the country, more extensive and
systematic surveying and identification of the whiteflies
and viruses is required in order to confirm or refute this. If
it was confirmed, then the next stepwould be to determine
if the predominantB. tabaci species in an area (e.g. Asia II
1 in the North of India) transmit the predominant MYMV
strains there with a greater efficiency than the B. tabaci
species from a different area. This was shown to be the
case for Vietnamwhere the indigenous B. tabaciAsia II 1
transmitted the indigenous Tomato leaf curl Hainan virus
(ToLCHnV) more efficiently than the invading Tomato
yellow leaf curl virus (TYLCV), whereas the invading
MEAM1 whiteflies transmitted the TYLCV at greater
efficiency than the ToLCHnV (Götz and Winter 2016).
It may be speculated that weed plants play a role in the
epidemiology of these viruses by possibly acting as alter-
native host for virus and/or vector whiteflies (Paul et al.
2012; Barreto et al. 2013). Indeed, Naimuddin et al.
(2014) suggested that Ageratum conyzoides, a common
weed around the agricultural fields throughout the years is
often seen with yellow vein symptoms which might serve
as source of primary inoculum of virus for recurrence of
yellow mosaic disease in grain legumes. However, too
few weed samples displaying virus-like symptoms were
collected in this study and because neither MYMV or
MYMIV were detected in any of those samples, there is
insufficient data to conclude anything on this.
Apart from an effective control of the virus vector
B. tabaci breeding varieties with resistance or tolerance
to yellowmosaic viruseswill provide themost sustainable
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means for managing the disease (Karthikeyan et al. 2014).
In mungbean crop improvement program, the develop-
ment of the NM varieties, namely NM 92 and NM 94,
was the major breakthrough to tackle the problem of
MYMD (Ali et al. 1997; Shanmugsundaram et al. 2009).
The area under mungbean cropping as well as the seasons
in which it is cultivated has been on the increase. For
example, the development of the early (about 60 days)
maturing varieties such as NM 94 (SML 668) has enabled
farmers to grow mungbean as part of the rice-wheat
cropping system predominant in the Indo-Gangetic plains.
The observed susceptibility of NM 94 in some parts of
India during certain seasons (unpublished) prompted us to
undertake a comprehensive study on this subject.
This study confirmed the susceptibility of line NM94
during the Kharif season in Northern parts of India, but
also showed it to be relatively tolerant to yellow mosaic
in the eastern state of Odisha and the southern state of
Andhra Pradesh, and moderately tolerant in the southern
state of Tamil Nadu. These results indicated that the
tolerance in NM 94 still was effective in the field against
local isolates of Mungbean yellow mosaic India virus,
genetically most similar to the MYMIV Bengal isolate
[HF922628] found in West Bengal and in this study in
Jharkhand, and to local isolates of Mungbean yellow
mosaic virus genetically most similar to the BVigna^
strains found in this study and also reported by
Karthikeyan et al. (2004) in the South of India. The
reduced tolerance (susceptibility) of NM 94 in the field
in Northern India during the Kharif season may be due
to the greater inoculum pressure under these conditions
as whitefly populations might build up to very high
levels during this time (Varma et al. 2011).
In the field screening, clear differences in symptom
severity scores for the same line were observed depend-
ing on the year and on the location of the trial. For
Ludhiana 2012/2013 and New Delhi 2012/2013 score
differences of up to 1.6 were observed for the same line at
the same location in different years, and greater differ-
ences were observed between locations. These features
were highlighted in the GGE biplot analysis which also
identified that some lines such as ML1628 and ML1229
may be better adapted andmore tolerant to yellowmosaic
in theKharif season in the north, whereas other lines such
as VC6368 46–40-4 were better adapted to the south.
In general, the average symptom severity scores were
greater in the trials in the north of India where the
MYMV-Urdbean like strains predominant compared to
the south and east where the MYMV-Vigna like strains
and MYMIV strains were present respectively. The anal-
ysis suggests that this difference is due to the interaction
of environment (north - south) and virus species/strains.
The identification of high level of tolerance or resis-
tance in lines such as ML 1628 and from the closely
related species, V. mungo und V. umbellata under high
inoculum pressure in the field offers hope for breeders to
tackle the disease through host plant resistance. Also, the
performance ofmungbean lines IPM02–17 andML1628
with lower severity scores as well as comparatively higher
seed yields particularly in North India are good options
for farmers to cope with the disease during the Kharif
season. The significant negative correlation between dis-
ease severity score and seed yield in both Ludhiana and
New Delhi also strongly support the possibility of selec-
tion of disease resistant plants with relatively high seed
yield. Efforts are in progress to map the resistance genes
in NM94 and to compare themwith those ofML 1628. In
order to achieve this, mapping populations have been
developed with both NM 94 and ML 1628.
The results reported in this paper have highlighted
the predominant whitefly species and the major virus
species responsible for transmitting and inducing yellow
mosaic disease in mungbean in India. It has also identi-
fiedmungbean lines with a high levels of field resistance
for different locations of the country, and this will help
breeders to select the appropriate parents in their breed-
ing programs and also the farmers in the selection of
appropriate varieties for sowing.
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